The first detailed study of intramolecular aza-Prins and aza-silyl-Prins reactions, starting from acyclic materials, are reported. The methods allow rapid and flexible access towards an array of [6, 5] and [6, 6] aza-bicycles, which form the core skeletons of various alkaloids. Based upon our findings on the aza-Prins and aza-silyl-Prins cyclisations, herein we present simple protocols for the intramolecular preparation of the azabicyclic cores of the indolizidines and quinolizidines using a one pot cascade process of N-acyliminium ion formation followed by aza-Prins cyclisation and either elimination or carbocation trapping. It is possible to introduce a range of different substituents into the heterocycles through a judicial choice of Lewis acid and solvent(s), with halo-, phenyl-and amido-substituted azabicyclic products all being accessed through these highly diastereoselective processes.
INTRODUCTION
Azabicyclic compounds are ubiquitous in nature, with the quinolizidine and indolizidine alkaloids being prime examples, and which possess a wide range of biological activities. The polyhydroxylated indolizidine alkaloids, such as (+)-castanospermine, have attracted particular attention as glycosidase inhibitors, as well as demonstrating anti-viral (in particular anti-HIV), antitumour and immunomodulation activities. These properties continue to drive the search for novel synthetic approaches towards their preparation. Herein we report a novel and highly efficient cascade process for the rapid synthesis of azabicycles.
Figure 1. Representative fused azabicycles
We have had a long standing interest in the Lewis acid-promoted Prins reaction 1, 2 and have, along with others, more recently reported on the nitrogen equivalent of this reaction, the aza-Prins reaction, [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] together with its silicon modified counterpart the aza-silyl-Prins reaction. 2, [13] [14] [15] [16] Both reactions involve the intermolecular reaction of a carbonyl or related compound (aldehyde, ketone or epoxide) with a secondary homoallylic amine in order to form an iminium ion, which then undergoes intramolecular Prins cyclisation to give either piperidines or tetrahydropyridines, depending on the absence or presence of the silicon moiety on the alkene (Scheme 1). The aza-silyl-Prins reaction is highly tolerant of a range of groups on the secondary amine, but is more limited to a sulfonamide in the aza-Prins reaction.
Scheme 1.
The aza-Prins 6,17-19 and aza-silyl-Prins 2,13,14 reactions
It occurred to us that it may be possible to access the azabicyclic core of various alkaloids by a two-step one-pot cascade process, first involving intramolecular iminium ion formation, followed by Prins cyclisation and either carbocation trapping by a suitable nucleophile or elimination from the resultant carbocation (Scheme 2). Reddy 20 , Saikia 21, 22 , Overman 23 and Waters 24 have all prepared azabicyclic systems using a Prins or related cyclisation process, but have either started from an intact or commercial mono-cyclic system, 24 or have required the sequential formation and purification of the mono-cyclic precursors, followed by a second cyclisation process. 23 Thus the uniqueness and advantage of this approach in the one-pot double cyclisation, forming both rings in a single transformation.
Scheme 2.
Previous related work and proposed cascade process the acetal, preventing the first cyclisation occurring. Thus indium trichloride is seen as a promoter of the intermolecular aza-Prins reaction with acetals, but a "poison" of an intramolecular variant.
The same Lewis acid screening was then applied to the aza-silyl-Prins reaction amide precursors 13 and 14. Gratifyingly, double cyclisation now took place relatively easily with a number of Lewis acids, with the [6, 5] and [6, 6] Given that numerous indolizidine and quinolizidine alkaloids ( Figure 1 ) are poly-hydroxylated, frequently at the positions of the alkene produced in 19 and 20, attempts were made to perform an Upjohn OsO4/NMO dihydroxylation reaction on the [6, 5] product 19 (Table 1 entry 2). With no starting material or product isolated, the reaction was repeated in d6-acetone/D2O (9:1) and monitored by NMR: the complete disappearance of the olefin signals at  = 5.77 and 5.67 was observed, and two new multiplet signals at  = 3.71 and 3.85 appeared (for 2 x CH(OH)), indicating the formation of two hydroxyl groups. Unfortunately, the diol was found to be very water soluble and could not be extracted and purified after destruction of the osmate ester. 26 Attempts to capture the diol as either the acetate (using acetyl chloride) or 4-nitrobenzoate ester (from 4-nitrobenzoyl chloride) both failed. An identical outcome was observed when using 20: when the reaction was followed by 1 H NMR, the two alkene peaks at  = 5.81 and 5.50 rapidly disappeared to be replaced by multiplets at  = 3.74 and 4.01, but again the product was completely water soluble.
With a successful aza-silyl-Prins route into the indolizidine and quinolizidine cores to hand, attention turned to utilizing the aza-Prins reaction to a similar end. As shown in Table 2 , a number of Lewis acids were highly efficient at promoting the double cyclisation: iron trichloride, indium trichloride and indium tribromide were all highly successful promoters and provided a nucleophile for capture. Iron trichloride also gave the best diastereomeric ratios, ca. 9:1 (Table 2 entries 1 & 8). The yields of the [6, 6] system with any particular Lewis acid were generally higher than the equivalent [6, 5] system with the same Lewis acid under identical conditions. Intriguingly, when using Lewis acid triflates and boron trifluoride, a mixture of two inseparable unsaturated products 23a & 23b was isolated as the major product, along with small amounts of the fluoride-trapped adduct. In all cases, diastereomeric ratios were measured from the reaction mixture by comparing the integration of the signals for the C(5)H2 (6,5 adduct) or C(6)H2 (6, 6) , which were clearly separate in each diastereoisomer ( Figure 2) . NOE values consistently identified the major adduct in both the (6, 5) and (6, 6) systems as the cis product.
Figure 2.
Diastereomeric ratio determination and NOE measurements for 21a (Table 2 entry An additional third unsaturated product 23c was also observed just in this particular reaction.
When using 1 equiv. InBr3 (Table 2 entry 4) , an intriguing product that is indicative of half-cyclisation, was also isolated.
This leads us to postulate on the mechanism of the double cyclisation process (Scheme 6). It is thought that first, intramolecular Lewis acid-promoted acyl iminium ion (24) formation takes place. This process is followed by an intramolecular aza-Prins cyclisation, to give the secondary cyclic carbocation (25) . The ultimate reaction product is then dependent upon the nature of the substituent on the alkene in the starting material. When this was a Z-vinylsilane (terminal TMS group), the carbocation is presumably stabilised by the -effect from silicon, and elimination occurs to
give the single alkene product (19 or 20), with no regioisomers. However, when the alkene was un-substituted, there is no such stabilisation or favourable elimination reaction that can take place, so an external nucleophile, normally from the Lewis acid, is trapped by the carbocation (21 or 22 ). An exception to this can be found in Table 2 entry 4, where several additional products were observed in addition to the desired product: the intramolecular acyliminium ion is trapped by the methoxide anion giving 26. It is highly likely that this remained as part of a tight ion pair during the oxonium ion formation/cyclisation to acyliminium ion process, and thus trapping was facile, although this product has not been observed in any other attempted double cyclisation. The addition of 1 equiv. of InBr3 to the methoxyintermediate provided bicycle 21b in quantitative yield (Scheme 6). This problem of incomplete cyclisation could therefore be overcome by employing greater than 2 equiv. of Lewis acid in the reaction. Since all reactions in Table 2 were performed with 1 equiv. of Lewis acid, this suggests that some Lewis acids are able to promote the first cyclisation but not the second. The best yields obtained in Table 2 for the 'double cyclisation approach' are far superior to any two-step sequential cyclisation approach to the same targets.
Scheme 6.
Proposed mechanism and origin of stereochemical outcome for the aza-silyl-Prins and aza-Prins cyclisations.
Thus overall, the examples presented in Tables 1 and 2 and Scheme 6 may be considered as N-acyliminium ion-type cyclisations, given that the double cyclisation did not proceed when Y = 2xH (Scheme 2). Acyliminium ion cyclisations have been comprehensively reviewed 27, 28 and these reviews cover many related examples of bicycle formation where one ring is already in place, and the second is formed via an acyliminium cyclisation (Scheme 2). However, Hart has reported the only related example of a double cyclisation, employing formic acid as the promotor of a double cyclisation 29 in the total synthesis of the Lythracaeae alkaloids Lythrancepine II and III.
30,31
Given Martín's success in the Prins cyclisation of alkynes, 4, 32 we investigated the intramolecular cyclisation of precursors 17 and 18. Neither gave products of double cyclisation. Cyclisation of 17 gave two products, 28 and 29, derived from the initial cyclisation but no subsequent Prins reaction and 18 gave a complicated mixture from which no compounds could be characterised.
Scheme 7. Attempted alkyne aza-Prins reaction
The incorporation of alternative nucleophiles, in place of the anion from the Lewis acid, during a Prins cyclisation has been reported and is an attractive feature of the reaction. 17, [33] [34] [35] This also adds a further layer of complexity to the cascade process, making it now three sequential steps: following cyclisation/iminium ion formation and aza-Prins cyclisation, the transformation may be terminated with Friedel-Crafts or Ritter reaction. In general, the trapping of an external nucleophile occurs most readily when employing a Lewis acid poor in providing an anion for capture. With this in mind, the double cyclisation was attempted using boron trifluoride, which had been shown to be poor itself at supplying a nucleophilic anion, with the aim that the solvent may be incorporated favourably and rapidly instead (Table   3) . [6, 5] and [6, 6] systems. Surprisingly, the O-acetyl group, from ethyl acetate, was also found to incorporate in modest yield (entries 3 & 6) . Pleasingly, the OAc trapped indolizidine (entry 3) was obtained as a single diastereoisomer in crystalline form (Figure 3 ), confirming the proposed stereochemistry from the NMR data. 
CONCLUSIONS
In conclusion, we have shown that both the aza-Prins and aza-silyl-Prins reactions may be utilised for the preparation of azabicycles, the core structure for accessing indolizidine and quinolizidine alkaloids. The current approach offers a number of advantages over existing methods for accessing the same architectures, namely good yields, starting from acyclic precursors and the ability to incorporate a range of nucleophiles in the bicyclic products. The Lewis acids FeCl3
(for n=1) and FeCl3, InCl3 and InBr3 (for n=2) were particularly efficient at promoting double cyclisations. The scope and limitations of these reactions with respect to additional substituents and applications, will be reported in due course.
EXPERIMENTAL SECTION

GENERAL DETAILS
Commercially available reagents were used as supplied. All solvents were pre-dried prior to use. All reactions were carried out under anhydrous conditions unless otherwise stated, and all glassware, syringes and needles were oven-dried and then allowed to cool prior to use in experiments. Infrared spectra were recorded in the range 4000-600 cm To a cooled solution of homoallyl alcohol or penten-1-ol (1 equiv.) in CH2Cl2 (2 mL per mmol) were added DMAP (0.6 equiv.) and p-TsCl (1.2 equiv.) at 0 °C. Et3N (1 equiv.) was then added dropwise and the solution was stirred at 0 °C until TLC analysis showed complete consumption of the starting alcohol. The solution was diluted with Et 2O (2 mL per mmol) and stirred for another 30 min. Precipitated solid was removed by filtration and the re sulting solution washed with 10% aqueous copper sulfate solution (2 x 1.1 mL), followed by 15% aqueous NaHCO 3 solution (1.1 mL) and finally brine (0.9 mL per mmol). The organic phase was dried (MgSO 4), filtered, and volatile components were removed under reduced pressure and the residue purified by flash column chromatography (PE:Et2O 1:1) to yield the tosylated alcohol.
General procedure 2:
Coupling reaction by T3P® (on 3 mmol scale)
To a stirred solution of 4,4-dimethoxybutanoic acid 6 or 5,5-dimethoxypentanoic acid 7 (1 equiv.) and T3P® (1.15 equiv.) in dry EtOAc (8 mL per mmol) were added sequentially Et3N (2 equiv.) and (Z)-4-(trimethylsilyl)but-3-en-1-amine 4 or 3-buten-1-amine 5 (1 equiv.). After complete consumption of the starting acid was detected by TLC analysis, the mixture was acidified to pH 7 by the addition of 1.0 M aqueous HCl and the product was extracted into EtOAc (10 mL per mmol).
The organic layer was washed with water (2 x 10 mL per mmol) followed by brine (10 mL per mmol), dried (MgSO4) and the volatiles removed under reduced pressure to yield the desired amide, which was used without further purification. for 48 h or until GC-MS analysis showed complete disappearance of the amide peak. The solution was cooled to rt, poured into a biphasic solution of CH2Cl2 (4 mL per mmol) and water (8 mL per mmol) and stirred for 30 min.
General
The organic layer was separated, the aqueous layer extracted with CH2Cl2 (3 x 2 mL per mmol). Combined organic layers were washed with brine (4 mL per mmol), dried (MgSO4), filtered and volatiles were evaporated under reduced pressure and purification by flash column chromatography yielded the unsaturated N-fused bicycle.
General procedure 5: Intramolecular aza-Prins reaction (on 1 mmol scale)
with the solvent (3.5 mL per mmol) for 5 min and the Lewis acid (1 equiv.) was added. The mixture was stirred for 48 h or until GCMS analysis showed complete disappearance of the amide. Water (5 mL per mmol) was added to quench the reaction and the mixture was stirred for 30 min. The organic layer was separated, and the aqueous layer extracted with solvent (3 x 4 mL per mmol). The combined organic solutions were washed with brine (4 mL), dried (MgSO4), filtered, and volatile components were evaporated under reduced pressure. Purification of the residue by flash column chromatography yielded the bicyclic derivative.
Precursor Syntheses (Z)-4-(Trimethylsilyl)but-3-en-1-ol (5) 2
To a cooled solution of DiBAL (1.0 M in hexane; 90 mL, 90 mmol, 3 equiv.) in Et2O (100 mL) at 0 °C was added 4- A solution of LiAlH4 (26.5 mL, 26.3 mmol; 1.0 M in THF) was diluted with THF (106 mL). After cooling to 0 °C, ( Z)-(4-azidobut-1-en-1-yl)trimethylsilane (4.24 g, 25 mmol) in THF (25 mL) was added dropwise over 2 h using a syringe pump at a rate of 0.2 mmol per min. The mixture was stirred for 30 min at 0 °C and a solution of brine (4 mL per mmol) together with Et2O (2 mL per mmol) was added dropwise over 30 min. The mixture was allowed to warm to rt over 30 min and any precipitate was removed by filtration through Celite®. The organic layer was separated and the aqueous layer extracted with Et2O (3 x 1.2 mL per mmol). The combined organic solution were dried (MgSO4), filtered, and volatile components removed under reduced pressure to yield the pure title compound (3.29 g, 92%) as a clear oil and this was used without purification. 
3-Buten-1-amine hydrochloride (8)
To a solution of 3-buten-1-ol (0.50 g, 6.93 mmol, 1 equiv.) in THF (11 mL) was added Ph3P (1.99 g, 7.62 mmol, 1.1 equiv.) and phthalimide (1.12 g, 7.62 mmol, 1.1 equiv.) portionwise. This mixture was cooled to 0 °C and diisopropyl azodicarboxylate (1.5 mL, 7.62 mmol, 1.1 equiv.) was added dropwise over 2 min. The reaction mixture was stirred for 3 h at 0 °C before warming to rt overnight. n-Hexane (11 mL) was added and the suspension was filtered through Celite®. The filtrate was washed sequentially with aqueous HCl (12 mL; 1.0 M) and saturated aqueous NaHCO3 (12 mL).
The organic phase was dried (MgSO4), filtered, and concentrated under reduced pressure. Purification of the residue by flash column chromatography (PE: 
followed by an aqueous was provided the free amine.
But-3-yn-1-amine 38 To a cooled solution of 3-butyn- 
Cyclisation Precursors
N-(But-3-en-1-yl)-4,4-dimethoxybutanamide (11)
According to General Procedure 2, to a stirred solution of 4,4-dimethoxybutanoic acid 9 (0.46 g, 3.10 mmol) and T3P®
(50% in EtOAc; 2.12 mL, 3.57 mmol) in EtOAc (23 mL) were added sequentially Et3N (0.86 mL, 6.20 mmol) and N- 
(Z)-5,5-Dimethoxy-N-(4-(trimethylsilyl)but-3-en-1-yl)pentanamide (14)
According to General Procedure 2, to a solution of 5,5-dimethoxypentanoic acid 10 (0.43 g, 2.65 mmol) and T3P® (50% 
(Z)-5,5-Dimethoxy-N-(4-(trimethylsilyl)but-3-en-1-yl)pentanamine (16).
A solution of (Z)-5,5-dimethoxy-N-(4-(trimethylsilyl)but-3-en-1-yl)pentanamide (14) (575 mg, 2.00 mmol, 1.00 eq.) in tetrahydrofuran (4 mL) was added dropwise at room temperature to a stirred suspension of lithium aluminium hydride (80 mg, 2.10 mmol, 1.05 eq.) in tetrahydrofuran (4.2 mL). The reaction was heated to 60 °C for 5 hours. After this time the solution was cooled to room temperature and quenched with a saturated aqueous solution of sodium chloride (10 mL) and diluted with diethyl ether (5 mL). Aluminum salts were then removed by filtration through a pad of celite. The organic layer was separated and the aqueous layer extracted with diethyl ether (3 x 5 mL). The combined organic layers were dried over sodium sulfate, filtered and concentrated in vacuo. 
N-(But-3-yn-1-yl)-5,5-dimethoxypentanamide (18)
To a solution of 5,5-dimethoxypentanoic acid 10 (0.070 g, 0.43 mmol) and T3P® (50% in EtOAc; 0.29 mL, 0.49 mmol) in EtOAc (3.2 mL) were added sequentially Et3N (0.12 mL, 0.86 mmol) and but-3-yn-1-amine (0.030 g, 0.43 mmol). After overnight stirring at rt, work up was carried out based on general procedure 2, affording the title compound 17 (0.052 g, 57%) and this was used without any purification. 36 According to General Procedure 4, a suspension of Sc (OTf) 36 According to General Procedure 4, a suspension of Sc(OTf)3 (0.34 g, 0.70 mmol) in MeCN (3.5 mL) was heated to reflux for 5 min. A solution of (Z)-5,5-dimethoxy-N-(4-(trimethylsilyl)but-3-en-1-yl)pentanamide 14 (0.20 g, 0.70 mmol) in MeCN (1.5 mL) was added dropwise over 1 min to the mixture. The suspension was stirred for 48 h.
Aza-Silyl-Prins Inter-and Intramolecular Cyclisations (±)-1-Benzyl-6-pentyl-1,2,3,6-tetrahydropyridine (3) 2
Following the general procedure 4, N-benzyl-N-Z-(4-trimethylsilylbut-3-enyl)amine
Work up was carried out based on general procedure 4. Purification of the residues by flash column chromatography (EtOAc: 40 A suspension of BF3.OEt2 (0.08 mL, 0.63 mmol) in cyclohexane (3.5 mL) was heated to reflux for 5 min. A solution of (Z)-5,5-dimethoxy-N-(4-(trimethylsilyl)but-3-en-1-yl)pentamide (0.14 g, 0.63 mmol) in cyclohexane (1.5 mL) was added dropwise over 1 min to the mixture. The suspension was stirred at reflux for 48 h. The solution was cooled to room temperature, poured into a biphasic solution of CH2Cl2 (4 mL per mmol) and water (8 mL per mmol) and stirred for 30 min. The organic layer was separated and the aqueous later extracted with CH2Cl2. The combined organic fractions were washed with brine (4 mL), dried (MgSO4) and concentrated in vacuo. 
Aza-Prins Intramolecular Cyclisations
1H, ddd, J 17.4, 9.6, 5.6), 2.20-2.13 (2H, m), 1.99-1.95 (1H, m), 1.82-1.77 (1H, m), 1.68-1.57 (3H, m), 1.51 (1H, dddd, J 19.0, 11.1, 8.1, 3.2); 13 C NMR (101 MHz, CDCl3) C = 169.6, 56.1, 56.0, 44.3, 41.7, 36.2, 33.1, 30.2, 19.6; m/z
2,3,9,9a-Tetrahydro-1H-quinolizin-4(8H)-one (23b)
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